1. Introduction {#sec1}
===============

Carbon dots (CDs) are a special kind of fluorescent nanoparticles with a diameter less than 10 nm.^[@ref1],[@ref2]^ CDs have attracted great attention in recent years for their unique properties, such as high aqueous solubility, good biocompatibility, and resistance to photobleaching,^[@ref3]−[@ref7]^ and have been intensively studied in the fields of sensors,^[@ref8]−[@ref10]^ light-emitting devices,^[@ref11]^ electrochemical analysis,^[@ref12]^ bioimaging,^[@ref13]−[@ref15]^ drug delivery,^[@ref16]^ and photocatalysis.^[@ref17],[@ref18]^ Great effort has been devoted to synthesizing CDs with photostability and photoluminescence (PL).^[@ref12],[@ref19],[@ref20]^ However, a comprehension of the general fluorescence phenomenon still remains unclear, which hinders advances in the design, preparation, and application of CDs.^[@ref21]−[@ref23]^

Typically, there are two main ways to improve the fluorescent properties of CDs. One is to tailor the surface groups of CDs with heteroatoms, such as nitrogen (N), boron (B), chlorine (Cl), sulfur (S), or phosphorus (P),^[@ref2],[@ref24]−[@ref27]^ and another way is the modification of polar groups containing carboxyl, hydrophilic hydroxyl, or amino groups.^[@ref28]^ Amino acids, inexpensive and biocompatible natural products, have also been used as proper precursors for CD synthesis.^[@ref24],[@ref28],[@ref29]^ Histidine was the first amino acid used as a precursor for the synthesis of CDs, which exhibited intense chemiluminescence and good PL.^[@ref30]−[@ref32]^ Huang et al. prepared CDs from histidine using a one-pot, microwave-assisted hydrothermal method and successfully applied them in cellular imaging and labeling.^[@ref33]^

Many carbohydrates are widely used to produce CDs via hydrothermal treatment between 180 and 220 °C.^[@ref34]^ The synthesis of fluorescent CDs involves natural resources or polymers or cross-linking of two or more organic molecules.^[@ref35]−[@ref38]^ The composition and surface chemical groups of CDs are crucial to their fluorescence properties,^[@ref28],[@ref39],[@ref40]^ but the precursors and resulting polymer CDs are composed of abundant molecules, oligomers, and polymer clusters and have vast uncertain chemical structure, with the reaction processes usually including many random reactions. These factors hinder the comprehension of the PL mechanism in CDs. Here, four types of lysine derivatives with defined structures were employed as precursors for CD preparation to explore the relationships between the chemical structure of precursors and CD fluorescence. Moreover, the results showed that increased numbers of functional groups in precursors can significantly promote the degree of cross-linking and lead to a smaller size, better fluorescent properties, and stronger stability of CDs. Moreover, the best CDs we have screened out showed excitation-dependent dual excitation and dual emission (DE^2^), high-stability luminescence, strong resistance to photobleaching, and high selectivity to Fe^3+^ ions. These findings illuminate that functional groups in the polymer CDs could greatly influence luminescent performance, allowing great potential in various application fields.

2. Results and Discussion {#sec2}
=========================

2.1. Relationship between Functional Groups on the Precursor and CD Properties {#sec2.1}
------------------------------------------------------------------------------

To explore the relationship between the PL property of CDs and the structure of the precursor, four lysine derivatives (compounds A, C, D, and F) containing different numbers of amino and carboxyl groups were designed and synthesized ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) as precursors. Thus, four types of polymer CDs were obtained from the corresponding precursors. The transmission electron microscopy (TEM) images of the different CDs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) showed the average sizes of the A-CDs, C-CDs, D-CDs, and F-CDs as 35.0 ± 0.5, 2.7 ± 0.5, 9.5 ± 0.5, and 10.0 ± 0.5 nm, respectively. The particle size of the obtained CDs decreased with the increasing number of functional groups on the precursor. Therefore, precursors with more functional groups tend to form a smaller size, and we deduced that more functional groups can cross-link easily and result in more stable and rigid structures. Fitting three-dimensional (3D) structures with the same number of molecules are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Generally, only linear macromolecules can be formed from the self-polymerization of compound A (possesses only one amino and one carboxyl group) and then the linear macromolecule can further cross-link through a hydrogen bond to form relatively loose and large CDs. However, precursors D and F each have three active groups, which could lead to a branched macromolecule via the self-polymerization process, further cross-linking the branched macromolecule and potentially resulting in middle-sized CDs with a tight internal structure. With four active groups, the self-polymerization of compound C tends to form a multiple branched macromolecule and further cross-linking of the multiple branched macromolecule could result in smaller CDs with a more rigid and denser internal structure.

![(a) TEM images and size distributions of A-CDs. (b) TEM images and size distributions C-CDs. (c) TEM images and size distributions D-CDs. (d) TEM images and size distributions F-CDs.](ao0c00510_0008){#fig1}

![(a) Fitting 3D structure of A-CDs. (b) Fitting 3D structure of C-CDs. (c) Fitting 3D structure of D-CDs. (d) Fitting 3D structure of F-CDs (all fitting 3D structures are composed of 52 precursors).](ao0c00510_0011){#fig2}

![Synthetic Route of Precursors](ao0c00510_0007){#sch1}

To explore the relationship between the structure and luminescence principle, the PL brightness of the four types of CDs was compared in equal concentrations. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, C-CDs that were prepared from precursor C (four functional groups, one amino and three carboxyl) exhibited the strongest fluorescence intensity, D-CDs and F-CDs both prepared from precursors with three functional groups (two amino and one carboxyl for compound D, one amino and two carboxyl for compound F) showed moderate intensity, and A-CDs prepared from the precursor with the least functional groups (one amino and one carboxyl) exhibited the weakest fluorescence intensity at 330 nm excitation. The increase in functional groups on the precursor was proportional to the fluorescence intensity of the corresponding CDs, which confirmed that increases in the cross-linking reaction could make the rigid structure of the CDs stronger and contribute to the enhancement of luminous power.^[@ref41]^

![(a) Fluorescence (FL) spectra of A-CDs, C-CDs, D-CDs, and F-CDs. (b) FL spectra of A-CDs under different excitation wavelengths. (c) FL spectra of C-CDs under different excitation wavelengths. (d) FL spectra of D-CDs under different excitation wavelengths. (e) FL spectra of F-CDs under different excitation wavelengths.](ao0c00510_0001){#fig3}

The FL spectra of A-CDs, C-CDs, D-CDs, and F-CDs were also collected at different excitation wavelengths ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--e). The corresponding PL emission peaks shifted from 415 to 490 nm for the four CDs, and the fluorescence intensity of the emission peaks decreased with the change in the excitation wavelength from 330 to 445 nm. More interestingly, C-CDs had excitation-dependent DE^2^ fluorescence. The DE^2^ fluorescence property may be attributed to the repeated structural units, which may form a specific donor−π--acceptor (D−π--A) architecture (C--N, −NH~2~, and C--OH as electron-donating groups and C=O as an electron-accepting group) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).^[@ref42]^

![Repeated structural units as donor−π--acceptor (D−π--A) architectures in the polymerization structure.](ao0c00510_0002){#fig4}

To gain a deeper understanding of the PL mechanism, proton (^1^H) and carbon (^13^C) nuclear magnetic resonance (NMR) experiments were performed to provide valuable information regarding the structure of CDs. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, the peaks at 1.2--1.8 ppm represent the hydrogens at 1 and 4, and peaks at 2.69 ppm and 3.3--3.4 ppm represent the hydrogens at 2 and 3 in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. The sharp shape of the peaks strongly suggests a compact and static structure. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the peaks at 173--175 ppm represent the carboxylic carbon atom 5, the peak at 64.8 ppm represents the α-carbon of an amino acid (position 7), the peak at 57.7 ppm represents the α-carbon of amides at position 6, the peak at 42 ppm represents the α-carbon linked with the terminal amino, and the peaks at 23--29 ppm represent the carbon of the alkane. Notably, no hydrogen of alkene or aromatic was found in the NMR spectra, which indicates that the C-CDs are nonconjugated polymers. Furthermore, the high density of sharp signals is related to the variety of static chemical environments that surround these protons and can be explained by the presence of various chain isomers of the repetitive unit that coexist in the polymer,^[@ref43]^ as well as the existence of different ionized forms.^[@ref21]^ These data highlight the rigid conformations of polymeric CDs.

![(a) ^1^H NMR of C-CDs. (b) ^13^C NMR of C-CDs. (c) Structure of C-CDs.](ao0c00510_0003){#fig5}

2.2. Characterization of Polymer C-CDs {#sec2.2}
--------------------------------------

As the best CDs screened out, C-CDs were further studied for fluorescence, stability, pH response, application, etc. The morphology and size of the C-CDs were determined by transmission electron microscopy (TEM). As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b, the C-CDs were well-dispersed particles with an average diameter of 2.7 ± 0.5 nm. The high-resolution TEM (HRTEM) images show that the lattice fringe spacing is 0.32 nm, which is quite close to the (002) diffraction facets of graphite,^[@ref44],[@ref45]^ indicating that the C-CDs possessed a highly ordered and crystalline structure.

![(a) TEM and HRTEM (inset) images of C-CDs. (b) Size distributions of C-CDs. (c) Dynamic light scattering (DLS) of the C-CDs in DD water. (d) ζ-Potential of the C-CDs in DD water.](ao0c00510_0009){#fig6}

The average diameters and ζ-potentials were measured by dynamic light scattering (DLS) in deionized (DI) water. According to [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c, the hydrodynamic diameters were confirmed to be 5.2 and 7.1 nm in water at 0.5 h and 3 months, respectively. The ζ-potentials were −26.0 and −23.9 mV in water at 0.5 h and 3 months, respectively ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). A minimal change was observed in the hydrodynamic diameter and ζ-potential, which indicates good colloidal stability of this kind of CDs.^[@ref46]−[@ref48]^

The infrared (IR) spectra of lysine derivative and C-CDs are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. The C-CD peaks imply the existence of multiple molecular associations. The amide I vibrational band at 1605 cm^--1^ is contributed to the peptide bond vibrational modes; their increased peak intensity and shifted position reflect the amide participation in H-bonds that increases the rigidity of the polymer.^[@ref49]^ The broader and more intensive peak at 1380 cm^--1^ also reflects the C--N participation in H-bonds.^[@ref50]^ The stretching vibration of O--H at 3418cm^--1^ also had increased broadness and decreased intensity, showing the dispersion of hydrogen-bond donor groups at the surface of C-CDs.^[@ref51]^ More features, such as C--H stretching vibration at 2947 cm^--1^ can be assigned to the C--H bond.^[@ref52]^ Therefore, Fourier transform infrared (FT-IR) spectroscopy indicated that C-CDs are a kind of amide polymers with high involvement of H-bonds, which significantly enhanced the rigidity of the system and contributed greatly to the stability and bright fluorescence.

![(a) FT-IR spectra of compound C and C-CDs. (b) X-ray photoelectron spectroscopy (XPS) survey of C-CDs. (c) C 1s spectra of C-CDs. (d) N 1s spectra of C-CDs. (e) O 1s spectra of C-CDs.](ao0c00510_0010){#fig7}

The XPS spectroscopy results for C-CDs ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b--e**)** further confirmed the polymer structure feature. The XPS spectra of C-CDs showed three typical peaks of C 1s (at around 284.6 eV), N 1s (at around 397.9 eV), and O 1s (at around 531.6 eV). The deconvolutions of the C 1s reveal the presence of four carbon species of C--C (284.2 eV), C--N (285.7 eV), C--O (286.8 eV), and C=O (288.2 eV).^[@ref53]−[@ref55]^ The N 1s spectra can be deconvolved into three components attributed to C--N (399.5 eV), O=C--N (401.4 eV), and N--H (402.3 eV), and the O 1s peak consists of three components corresponding to C=O (531.5 eV), O=C--N (531.7 eV), and O=C--OH (532.2 eV).^[@ref21],[@ref56]−[@ref58]^

2.3. Luminescence Properties of C-CDs {#sec2.3}
-------------------------------------

The luminescence properties of C-CDs were analyzed by ultraviolet--visible (UV--vis) and steady-state PL spectroscopy. The UV--vis spectra ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a) show that C-CDs possess broad absorption from 245 to 290 nm corresponding to the n−π\* and π--π\* transitions of C=O and C=N bonds in carbon cores.^[@ref13],[@ref59]^

![(a) UV--vis spectra of C-CDs (inset, photographs taken under visible light). (b) FL spectra of C-CDs under different excitation wavelengths. (c) Optimal excitation and emission PL spectra (inset, photographs taken under 365 nm UV light). (d) Fluorescence lifetimes at different excitation wavelengths *E*~x~ = 330, 355, 380, and 405 nm of the C-CDs. (e) Effect of ionic strengths on the fluorescence intensity of C-CDs (ionic strengths were controlled by various concentrations of NaCl in the aqueous solution). (f) Effect of time intervals of irradiation with a UV lamp on fluorescence intensity of C-CDs. (g) Effect of pH on the fluorescence intensity of C-CDs. (h) Effects of storage time on the fluorescence intensity of the C-CDs. The insets in (h) show the photographs of the C-CD aqueous solution on the first day and 1 year later. The results are the average and standard deviation over four replicates of the measurements.](ao0c00510_0004){#fig8}

Subsequently, the PL properties of the C-CDs were studied thoroughly. As the excitation wavelength changed from 330 to 380 nm, the corresponding PL emission peak shifted from 415 to 450 nm and the intensity decreased gradually. However, once the excitation wavelength was changed to 385 nm, the fluorescence intensity at 465 nm was remarkably enhanced and the PL emission peak red-shifted from 465 to 485 nm with excitation wavelengths ranging from 385 to 445 nm ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). Notably, the C-CDs exhibited an excitation-dependent dual excitation and dual emission (DE^2^) fluorescence. It is very different from the previously reported CDs, the PL property of which is usually significantly decreased when shifting the excitation wavelength.^[@ref13],[@ref45],[@ref59]^ The PL spectra of C-CDs may result from the multiple electronic absorption transitions. As shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c, the PL revealed that the optimal excitation and emission peaks of C-CDs are at 330 and 415 nm, respectively.

The nature of the PL was further investigated by the PL lifetimes. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}d shows the fluorescence decay curve and the exponential fitting curve of C-CDs recorded at room temperature in an aqueous solution. A is a constant background; *B*~1~, *B*~2~, and *B*~3~ are fractional intensities; and τ~1~, τ~2~, and τ~3~ are fluorescence lifetimes. By fitting the data with an exponential decay function (red lines), the radiative decays of C-CDs are 8.12 ns (*E*~x~ = 330 nm), 6.27 ns (*E*~x~ = 355 nm), 7.45 ns (*E*~x~ = 380 nm), and 8.38 ns (*E*~x~ = 405 nm). The quantum yield of C-CDs was also tested and calculated ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The absolute quantum yields of C-CDs were 7.75% (*E*~x~ = 330 nm) and 3.56% (*E*~x~ = 380 nm). By way of comparison, the absolute quantum yields of A-CDs, D-CDs, and F-CDs (*E*~x~ = 330 nm) were 1.76, 3.35, and 3.74%, respectively.

###### Average Lateral Size; C, N, and O Contents; and QY of the C-CDs

  sample   size (nm)   C (%)   N (%)   O (%)   QY (%) *E*~x~ = 330 nm   QY (%) *E*~x~ = 380 nm
  -------- ----------- ------- ------- ------- ------------------------ ------------------------
  C-CDs    2.7 ± 0.5   64.07   10.8    25.13   7.75                     3.56

We further investigated the luminescence properties of C-CDs under different conditions. As shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}e, the fluorescence of C-CDs showed only a slight change even when increasing the concentration of the NaCl aqueous solution to 1000 mM, which reflects that the C-CDs had a strong resistance to high-ionic-strength conditions. Furthermore, the fluorescence intensity of C-CDs remained unchanged after 3 h UV irradiation, indicating that the C-CDs are highly resistant to photobleaching ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}f).

At last, the fluorescence response to the pH experiment was investigated. In [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}g, we find that the maximum fluorescence intensity of C-CDs appeared at pH 6 and a sudden decrease in the emission of C-CDs appeared in both basic and acidic conditions. The results could be ascribed to the carboxylic acid protonation--deprotonation, indicating that H-bonds in the polymer C-CDs played an important role in the interaction from which the fluorescence originated.^[@ref21],[@ref60]^

Stability is one of the greatest challenges for nanomaterials, and most ultrasmall nanoparticles tend to minimize their surface energy by aggregation, which results in a significant decrease in fluorescence.^[@ref2]^ Fortunately, we found that the appearance and luminescence properties of the C-CDs are nearly constant even after the sample was stored for 1 year at 4 °C. Therefore, they possess excellent stability ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}h).

2.4. Application of C-CDs for Metal Sensing {#sec2.4}
-------------------------------------------

The feasibility of C-CDs as nanoprobes for the detection of representative metal ions (Pb^2+^, Hg^+^, K^+^, Fe^3+^, Cd^2+^, Mn^2+^, Zn^2+^, In^3+^, Cu^2+^, Ce^3+^, and Mg^2+^) and anions (Na*~x~*A, A^*x*--^ = BH~4~^--^, IO~3~^--^, SeO~3~^2--^, PO~4~^3--^, SO~3~^2--^, B~4~O~7~^2--^, HPO~4~^2--^, CO~3~^2--^, Cl^--^, HCO~3~^--^, OH^--^, MoO~4~^2--^, SO~4~^2--^, H~2~PO~4~^--^, CH~3~COO^--^, and NO~3~^--^) was investigated with a reported method.^[@ref61]^ A significant PL quenching effect was observed when Fe^3+^ was added to the C-CD solution ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,b), indicating C-CDs are a sensitive and selective probe for Fe^3+^ detection. However, no significant change of fluorescence was observed when anion solutions were added to the C-CD solution ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c,d).

![(a) Emission spectra of the C-CD solution in the presence of 190 μM concentration of Pb^2+^, K^+^, Fe^3+^, Cd^2+^, Mn^2+^, Zn^2+^, In^3+^, Cu^2+^, Ce^3+^, and Mg^2+^. (b) Relative fluorescence intensity of C-CDs (where *I* and *I*~0~ are the intensities in the presence and absence of the metal ions, respectively). (c) Emission spectra of C-CD solution in the presence of 190 μM concentration of BH~4~^--^, IO~3~^--^, SeO~3~^2--^, PO~4~^3--^, SO~3~^2--^, B~4~O~7~^2--^, HPO~4~^2--^, CO~3~^2--^, Cl^--^, HCO~3~^--^, OH^--^, MoO~4~^2--^, SO~4~^2--^, H~2~PO~4~^--^, CH~3~COO^--^, and NO~3~^--^. (d) Relative fluorescence intensity of C-CDs (where *I* and *I*~0~ are the intensities in the presence and absence of the anions ions, respectively). (e) Quenching of the fluorescence intensity of the C-CD solution in different concentrations of the Fe^3+^ solution. (f) Plot of (*I*~0~ -- *I*)/*I*~0~ with different Fe^3+^ concentrations. *E*~x~ = 330 nm; *E*~m~ = 415 nm; and slit widths of both excitation and emission = 2.5. The results are the average and standard deviation of four replicates of the measurements.](ao0c00510_0005){#fig9}

Therefore, there may be a special coordination between the Fe^3+^ ion and the carboxyl or hydroxyl group on the surface of C-CDs.^[@ref33],[@ref62]^ Next, the sensitivity of C-CDs toward the Fe^3+^ ion concentration was explored by a fluorescence quenching experiment. Moreover, we found that the fluorescence intensity decreased with an increase in Fe^3+^ concentration ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}e). [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}f further shows a linear relationship of (*I*~0~ -- *I*)/*I*~0~ = −0.00684*C* + 0.0229, where *I*~0~ and *I* are the fluorescence intensities of C-CDs in the absence and presence of Fe^3+^, respectively. The linear correlation coefficient was 0.9983 in the range of 10--80 μM, and the detection limit was as low as 0.006 μM.^[@ref63]^ The detection of C-CDs for Fe^3+^ was compared with previous reports ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). It indicates that C-CDs can be used as a potential candidate for a highly sensitive and specific probe for Fe^3+^ detection.

###### Comparison of the Sensing Performance of Different Fluorescent Probes and C-CDs for Fe^3+^ Detection

  fluorescence probes   detection limit (μM)   linear range (μM)   refs
  --------------------- ---------------------- ------------------- ------------
  carbon dots           2.9                    0--250              ([@ref64])
  carbon dots           0.7                    5--80               ([@ref65])
  carbon dots           0.5                    5--100              ([@ref66])
  carbon dots           1.3                    2--50               ([@ref67])
  N-carbon dots         4.67                   5--1280             ([@ref68])
  P-carbon dots         0.005                  0--20               ([@ref69])
  N-carbon dots         0.025                  0.1--500            ([@ref70])
  carbon dots           0.239                  0--80               ([@ref61])
  C-CDs                 0.006                  10--80              this work

3. Conclusions {#sec3}
==============

In summary, the influence of functional groups of the precursor on CDs' property was studied in this article. Also, the results indicated that an increase in the numbers of functional groups in the precursor could significantly promote the degree of cross-linking, which tends to lead to CDs with a smaller size, enhanced fluorescence intensity, and high stability. The study also showed that the insensitive and stable PL of CDs results from high cross-linking and the formation of H-bonds, which makes the rigid structure of the CDs stronger and significantly enhances the luminous power. Further study demonstrated that the obtained C-CDs possess high resistance to photobleaching, high stability, and bright fluorescence and could be used as a sensitive and selective probe for Fe^3+^ sensing.

4. Materials and Methods {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

Lys (*Z*)-OH (compound A, C~14~H~20~N~2~O~4~, \>98.0%) were bought from Shanghai Hanhong Chemical Co. Ltd. Bromoacetic acid (C~2~H~3~BrO~2~, \>99%) was bought from Sahn Chemical Technology (Shanghai) Co. Ltd. Sodium hydroxide (NaOH, \>98.0%) and methyl alcohol (CH~3~OH, ≥99.5%) were bought from Tianjin Deen Chemical Reagent Co. Ltd. Hydrochloric acid (HCl, wt % 36.0--38.0) was bought from Zhengzhou Penny Chemical Reagent Factory.

4.2. Sample Preparation {#sec4.2}
-----------------------

### 4.2.1. Synthesis of B {#sec4.2.1}

H-Lys (*Z*)-OH (A, 6 g) was dissolved in 75 mL of NaOH aqueous solution (1.5 M). Bromoacetic acid (12.5 g) was dissolved in the NaOH aqueous solution (1.5 M, 45 mL) and cooled to 0 °C. The H-Lys (*Z*)-OH solution was slowly added into the bromoacetic acid solution under an ice bath, and the mixed solution was stirred at 0 °C for 2 h, 20 °C for 48 h, and 50 °C for 2 h. HCl (120 mL, 1 M) was added to the reaction mixture and white solid precipitated; the precipitate was filtered and dried under vacuum to obtain product B.

^1^H NMR δ (400 MHz, CD~3~OD): 7.38--7.28 (5H, m), 5.06 (2H, s), 3.62 (4H, ABq), 3.46 (1H, dd), 3.12 (2H, t), 1.87--1.37 (6H, m).

HR-MS (ESI) calcd for C~18~H~25~N~2~O~8~ (M + H)^+^: 397.1611, found: 397.1607.

### 4.2.2. Synthesis of C {#sec4.2.2}

Product B (2 g) and Pd/C (5%, 1 g) were dispersed in 40 mL of methanol in a round flask. The flask was filled with hydrogen and sealed. The reaction mixture was stirred at 25 °C for 12 h and filtered. The solid obtained was dissolved in 30 mL of ultrapure water and stirred for 30 min at 25 °C. The solution was filtered again to remove Pd/C, the obtained mother liquor was evaporated in vacuum to dryness, and the solid was washed with methanol and dried under vacuum to obtain product C.

^1^H NMR δ (400 MHz, DMSO-*d*~6~): δ 1.35--1.63 (6H, m), 2.75 (2H, s), 3.21--3.31 (5H, m).

HR-MS (ESI) calcd for C~10~H~19~N~2~O~6~ (M + H)^+^: 263.1243, found: 263.1237.

### 4.2.3. Synthesis of C-CDs {#sec4.2.3}

A total of 100 mg of precursor was dissolved in 10 mL of ultrapure water and stirred for 5 min at room temperature to obtain a clean solution. The solution was transferred to a 25 mL poly(tetrafluoroethylene) (PTFE)-lined reaction autoclave and heated at a constant temperature of 180 °C for 720 min. The autoclave was then cooled to room temperature. The suspension was filtered through a 0.22 mm microporous membrane, and the solution was further centrifugated at high speed (10 000 rpm, 10 min) to remove impurities and large particles. The C-CDs were obtained through vacuum freeze-drying, and the yield is 89.6%.

4.3. Characterization {#sec4.3}
---------------------

The morphology of each product was observed by a HITACHI SU8010 field-emission scanning electron microscope (FESEM) and a JEOL JEL-2010 high-resolution transmission electron microscope (HRTEM). Dynamic light scattering and ζ-potential were analyzed on a Nano-ZS ZEN 3600 (Malvern Instruments, Germany). XPS was carried out on a Thermo Fisher Scientific ESCALAB250Xi. Fourier transform infrared (FT-IR) spectra were recorded on a Bio-Rad FTS-40 spectrometer. The UV--vis absorption spectra of liquid samples were recorded on a Cary 100 (Agilent Technologies). An LS-55 fluorescence spectrophotometer (PerkinElmer) was used to collect PL. PL lifetimes were determined using an FLS 980 spectrometer with an actuator.

4.4. Ion Strength Stability of C-CDs {#sec4.4}
------------------------------------

First, 10 mg/mL C-CD solution was prepared. The test solutions were prepared by adding 0.1 mL of as-prepared C-CD solution to 2.9 mL of NaCl solution (NaCl solution concentrations: 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 mol/L). Finally, the fluorescence emission was measured with both excitation and emission slit widths set at 2.5 nm. Every test was repeated 3 times to ensure the accuracy of the test data.

4.5. Resistance to Photobleaching {#sec4.5}
---------------------------------

The C-CD (0.1 mL, 10 mg/mL) solution was added to 2.9 mL of secondary distilled water and allowed to stand for 20 min at 25 °C. The corresponding PL spectrum was recorded every 15 min under UV light, and the total irradiation time was 3 h.

4.6. Effect of pH on CD Fluorescence {#sec4.6}
------------------------------------

Briefly, 0.1 mL of C-CD solution (10 mg/mL) was added to 2.9 mL of HCl or NaOH solutions to prepare the test solution (pH = 1--14). The mixture was vibrated for 5 min before the fluorescence spectra were recorded. Both excitation and emission slit widths were set at 2.5 nm. Every test was repeated 3 times to ensure the accuracy of the test data.

4.7. Ion Sensing {#sec4.7}
----------------

Briefly, many kinds of metal chlorides were added to the Tris--HCl buffer (10 mM, pH = 7.4) to form a 200 μM metal ion solution (Pb^2+^, K^+^, Fe^3+^, Cd^2+^, Mn^2+^, Zn^2+^, In^3+^, Cu^2+^, Ce^3+^, and Mg^2+^). Then, C-CDs were added to the Tris--HCl buffer (10 mM, pH = 7.4) to form a 10 mg/mL C-CD solution. Finally, 2.9 mL of ion solutions was mixed with 0.1 mL of C-CD solution. The mixture was vibrated for 5 min before the fluorescence spectra were recorded.

The same methods were employed to measure the fluorescence quenching ability of anions (Na*~x~*A, A*^x^*^--^ = BH~4~^--^, IO~3~^--^, SeO~3~^2--^, PO~4~^3--^, SO~3~^2--^, B~4~O~7~^2--^, HPO~4~^2--^, CO~3~^2--^, Cl^--^, HCO~3~^--^, OH^--^, MoO~4~^2--^, SO~4~^2--^, H~2~PO~4~^--^, CH~3~COO^--^, and NO~3~^--^) on C-CDs. Every test was repeated three times to ensure the accuracy of the test data.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00510](https://pubs.acs.org/doi/10.1021/acsomega.0c00510?goto=supporting-info).Methods for the synthesis of compounds D--F and methods for the synthesis of A-CDs, D-CDs, and F-CDs ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00510/suppl_file/ao0c00510_si_001.pdf))

Supplementary Material
======================

###### 

ao0c00510_si_001.pdf

^§^ S.Y. and Y.Z. equally contributed to this work.

The authors declare no competing financial interest.

This work was financially supported by the National Natural Science Foundation of China (U1904196, 21505033, 21571053, and 21927805), China Postdoctoral Science Foundation (2018M642755), Key Scientific Research Projects of Colleges and Universities in Henan Province (19A350004), and Key Scientific and Technological Project of Henan Province (172102310618).
